Abstract: Thermal deformation of heat exchange pipe is the significant source of structural variation in ground heat exchange system, which could weaken the capability and reduce the reliability of heat transfer system after long-time operation. The experimental study of thermal deformation of heat exchange pipe should be carried out to explore its thermal behavior. The strain measuring method was applied to the study on thermal deformation and displacement, which was deduced from the measured strain in heat exchange pipe. The verifying experiment was carried out to analyse its feasibility in preliminary simulation environment. The result showed that strain measuring method is applicable and could be conducive to the deformation monitoring of heat exchange pipe in practical projects.
Introduction
With the rapid development and application of ground source heat pump and large temperature difference energy storage technology, the gradual performance degradation and even failure of ground heat exchange system were emerging, and also its reliability and durability have been paid more and more attention. Since the 1990s, many countries in Europe and America have carried out some preliminary study on these problems. In Sweden, Anna Gabrielsson [1] had monitored the UTES for three years, large vertical settlements appeared in the underground structure after two freeze/thaw cycles, which caused the unexpected buckling of pipe and resulted in a reduced flow in pipe. In the U.S.A., Marita Allan [2] developed the study of thermal stresses, deformations and thermal fractures of backfill material, which would influence the heat transfer. In Canada, Lenarduzzi Frank [3] announced the problem of vertical ground pipes squeeze in a GSHP project during the first heating season, at the same time, a series of model experiments were conducted to search for the cause of pipe squeeze. In Britain, Bourne [4] studied the temperature stress of heat exchanger piles and found that great temperature stress accumulation can lead to heat exchange structural failure.
However,heat exchange pipe, as the most sensitive part to temperature, its deformation by temperature changes should be an important factor for the failure of ground heat exchange structure. Therefore, it is necessary to study the characteristics of pipe's thermal deformation firstly. The technology of strain measurement provides an effective means to develop this study [5, 6] . In this study, the strain measuring method was applied to the measurement of pipe's thermal deformation and displacement, the calculating method of which by thermal strain was introduced, tested and verified preliminarily.
Deformation calculating method
The measuring method is based on the axial discrete strain on the both sides of heat exchange pipe, by which the curvature of pipe after deformation is calculated. One-dimensional continuous displacement of the entire pipe is obtained by differential geometry theory. Thus, pipe deformation can be determined by continuous displacement and initial position.
From axial strain to curvature. If the heat exchange pipe deforms, as shown in fig. 1 , two equations can be deduced by geometric relationship as following: 
Where, L A -initial length of calculating pipe; r -radius of pipe cross-section; ε 1 and ε 2 -axial strain on the both sides of pipe (are mean strain on corresponding side of calculating pipe); ρ -radius of curvature of pipe central axis after deformation; θ -curvature angle of calculating pipe. ρ and θ can be obtained by equation (1):
From discrete curvature to continuous curvature. Discrete curvature (the reciprocal of ρ) can be obtained by equation (2), however, in order to calculate the continuous displacement of the entire pipe, continuous curvature should be known. By differential geometry theory, if curvature in curve is continuous everywhere, the curve must be continuous and smooth everywhere. Using interpolation method can get continuous curvature, as well as continuous deformation. Piecewise quadratic interpolation can be used to reduce the error accumulation.
Thus, curvature k can be supposed as a quadratic function of the length of calculating pipe (l), as following: 
Thus, curvature everywhere in calculating pipe can be calculated. From curvature integral to tangential angle. The tangential angle of heat exchange pipe α is defined as an angle between the tangent of pipe and positive x direction. Included angle dα is between the two tangents, the tangency points of which are dl apart along the pipe, as shown in fig. 2 . According to the concept of curvature [7] , curvature k can be denoted as following:
Equation (3) is brought into equation (5), and then it is integrated as:
Where, the integration constant d can be obtained by boundary conditions, thus tangential angle α everywhere in the calculating pipe can be calculated. Displacement by segmented recurrence. The entire pipe is divided into several calculating pipes equally. The location increment of segmented point of pipe can be calculated by corresponding tangential angle and chord length. As shown in Fig. 3 , the length of alculating pipe (arc l i l i+1 ) is Δl, where ρ and θ can be calculated by equation (2), α by equation (6) . The chord length l i l i+1 , as well as included angle β between tangent and chord, can be calculated as:
The location increment can be expressed as following:
Where, Δx i , Δy i -location increment along X axis and Y axis. Eventually, continuous displacement can be deduced by location increment recurrence.
Verifying experiment and method
Experimental system. The verifying experiment created a preliminary working condition of heat exchange pipe. Experimental system, as shown in fig. 4 , consisted of borehole pipe structure, temperature controlled water tank, circulating pump, flow meter, thermocouples, resistance strain gages, camera, etc.
The borehole pipe structure was built with heat exchange pipe inside a transparent plexiglass tube, which simulated the rigid borehole, while the top end and bottom end of the pipe were fixed in a bracket by fastening unit. The circulating fluid was water, the temperature of which increased from 10℃ to 50℃ in stages, as a result, the pipe generated thermal expansion. However, its thermal expansion was constrained by borehole pipe structure, just like the constraint from borehole and backfill, meanwhile, thermal stress of pipe was cumulated. When the stress cumulation came to a certain degree, thermal deformation turned up. Thermal strains in pipe wall were monitored every 10 increment by ℃ resistance strain gages, installed at 6 pre-selected measuring locations along the pipe length. Meanwhile, the displacement of 3 feature points was recorded by camera. 
Measurement and verification.
Because the top end and bottom end of pipe were fixed, the axial displacement of deformation was not so obvious as the horizontal displacement. In this study, horizontal displacement Δx i was just the experimental object.
In order to studied two-dimensional deformation in horizontal plane, 4 resistance strain gages were attached to the symmetrical measuring points, which created a system of rectangular coordinates in horizontal plane, as shown in Fig. 5 . The displacement of X-direction was measured by measuring point 1# and 2#, while the displacement of Y-direction was measured by 3# and 4#.
Base on the measured thermal strains, calculating displacement of 3 feature points (Ⅰ,Ⅱand Ⅲ) in X and Y directions was deduced by deformation calculating method. The measuring displacement of feature points, measured by camera and scaleplate, was compared with calculating displacement. In this way, the feasibility of strain measuring method and rationality of application were verified.
Analysis
Comparison between measuring and calculating displacement of feature points was shown in fig. 6 . It can be found that there are some errors in strain measuring method, calculating value was generally larger than measuring value. But with increasing of fluid temperature, the errors decreased generally. Basically, the tendency of both were in agreement.
During 40℃~50℃,because feature points touched the plexiglass tube wall in X-direction, where there was no displacement actually. However, the calculating result indicated a small displacement. This was probably caused by the contaction between eresistance strain gage and tube wall, which could influence strain measurement. As a matter of fact, in addition to error of interpolation and error cumulation of recurrence, there were many reasons for the calculating errors. For example, zero drift in strain measurement, difference in thermal effect of different strain gages, the error of measuring value from camera, etc., were influencing factors for the feasibility of strain measuring method. Consequently, the strain measuring method should be improved in the future. This method is helpful to realize the indirect visual research of thermal deformation of ground heat exchange pipe and to supply an effective approach. 
Conclusion
In this experimental study, the strain measuring method was applied in thermal deformation measurement of ground heat exchange pipe and was verified preliminarily by practical measurement. The result showed that this method was applicable and could provide foundation for further study on thermal deformation monitoring of borehole pipe in practical projects. For common engineering, when displacement sensor is hard to used and information of pipe's thermal behavior is limited, the method can provide basis for pipe deformation monitoring. Moreover, the study could be conducive to realizing the indirect visual research on thermal deformation of ground heat exchange pipe.
